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The photoionization efficiency ~PIE! spectrum of C2H5SO was measured in the spectral range
110–150 nm by means of a photoionization mass spectrometer coupled to a synchrotron radiation
source. C2H5SO radicals were generated by reacting O atoms with C2H5SC2H5 or C2H5SSC2H5 in
a discharge flow tube. The ionization energy of C2H5SO was determined to be (8.7160.02) eV, in
agreement with theoretical calculations of 8.8 eV for ionization from C2H5SO to singlet C2H5SO1
using the G2 method. PIE spectrum also shows a sharp increase at 10.0 eV, corresponding to the
ionization energy from C2H5SO to triplet C2H5SO1 predicted by theory. Theoretical calculations
also predict two stable conformers with similar energies for each of C2H5SO, singlet C2H5SO1, and
triplet C2H5SO1, respectively; these conformers are indistinguishable in our experiments. © 1997
American Institute of Physics. @S0021-9606~97!01645-0#INTRODUCTION
Emission of reduced organo-sulfur compounds ~RSH,
RSR8, and RSSR8; R, R85CH3, C2H5,.. .! into the atmo-
sphere is believed to result from natural biological activity.
Although these compounds are minor constituents, they may
play a part in the sulfur cycle and contribute to acidic
precipitation.1–4 Oxidation of these organo-sulfur com-
pounds in the atmosphere is initiated mostly by reaction with
OH radical,5 and proceeds typically through formation of the
alkylthio ~alkylthiyl! radical, RS. Further oxidation of RS
radicals with O3 or NO2 in the atmosphere generates RSO
radicals,6–9
RS1O3!RSO1O2, ~1!
RS1NO2!RSO1NO, ~2!
and other products. Degradation of RSO leads eventually to
formation of sulfuric acid. Thus RSO is a key intermediate in
oxidation of naturally occurring organo-sulfur compounds in
the atmosphere.
However, spectral information about alkylthio radicals is
lacking. The photoionization efficiency spectrum ~PIE! of
CH3SO was reported; an ionization energy ~IE! of 8.99
60.02 eV was determined by our group.10 In a continuing
effort in our research to measure photoionization spectra and
ionization energies of various sulfur-containing species,10–14
we investigated the second member of the RSO series,
C2H5SO. This information is expected to enable us to iden-
tify selectively such species as products of reactions of sulfur
compounds relevant to atmospheric chemistry.15,16
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using a discharge flow system and a photoionization mass
spectrometer ~DF-PIMS! coupled to a synchrotron radiation
as an ionizing source. The IE of C2H5SO is determined from
the threshold of the PIE spectrum. We also employed ab
initio calculations on C2H5SO and C2H5SO1 using the
GAUSSIAN-2 ~G2! procedure. The results of these calcula-
tions are compared with experimental data.
EXPERIMENT
The apparatus for this work is a photoionization mass
spectrometer equipped with a discharge-flow tube having
three stages of differential pumping.10–12 The ionizing pho-
tons intersect with gaseous effluents within an extraction re-
gion of an ion lens system that focuses ions on the entrance
aperture of a quadrupole mass spectrometer operated in an
ion-counting mode. The photons are ejected from a 1-m
Seya–Namioka monochromater at a 1.3 GeV ~currently 1.5
GeV! storage ring of Synchrotron Radiation Research Center
in Taiwan.17 The monochromator was equipped with four
gratings to cover the spectral range 30–300 nm; typically the
grating with 600 lines/mm was used to obtain an optimal
photon flux in the spectral range 110–160 nm. A lithium
fluoride window 2 mm in thickness was used to eliminate
second and higher order radiation for a wavelength range
greater than 110 nm. The wavelength of synchrotron radia-
tion was adjusted with zero-order light and further calibrated
with the threshold step of photoionization spectrum for CS2,
for which IE5~10.078260.0006! eV.18 Additional descrip-
tion of this experimental system is presented elsewhere.10–12
The reactions were conducted in pressure range 0.5–1.5
Torr at 298 K with a Pyrex flow tube of length 30 cm and i.d.
25 mm. To minimize possible surface reactions, a Teflon
tube ~i.d. 22 mm! was inserted into the flow tube. The radi-97/107(21)/8794/6/$10.00 © 1997 American Institute of Physics
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oms with diethyl sulfide C2H5SC2H5~DES! or diethyl disul-
fide C2H5SSC2H5~DEDS!,
O1C2H5SC2H5!C2H5SO1C2H5, ~3!
O1C2H5SSC2H5!C2H5SO1C2H5S. ~4!
O atoms were produced on flowing a mixture of He gas
containing O2 through a Pyrex tube subjected to a microwave
discharge ~2450 MHz!. DES or DEDS was added into the
flow tube through a movable injector. No rate coefficient for
reactions ~3! and ~4! is reported. For similar reactions,
O1CH3SCH3!CH3SO1CH3, ~5!
O1CH3SSCH3!CH3SO1CH3S ~6!
the recommended rate coefficients of reactions ~5! and ~6! at
298 K are 5.0310211 and 1.3310210 cm3 molecule21 s21,
respectively.19 We believe that reactions ~3! and ~4! are also
rapid and that these reactions are suitable to produce
C2H5SO radicals for PIMS experiments.
Typical flow conditions ~all in STP cm3 s21! are as fol-
lows: total flow rate 5.0–8.0, flow rate of O2 0.02–0.04,
vapor flow rate of DES or DEDS 0.02–0.2, flow rate of He
to carry O2 2.0, flow rate of He to carry the vapor of DES or
DEDS: 0.2–2.0. He ~Matheson, .99.9995%! and O2
~Matheson, .99.997%! were used directly without further
purification. The first fifth of liquid samples of DES ~Ald-
rich, .99%! and DEDS ~Aldrich, .99%! was pumped
away at 298 K before use.
COMPUTATIONAL METHODS
The G2 method20 was employed to calculate the ioniza-
tion energy of C2H5SO with the GAUSSIAN 94 program.21 The
HF/6-31G(d) method was utilized to search all possible
FIG. 1. Photoionization efficiency spectrum of C2H5SSC2H5 (m/z5122) at
a nominal resolution 0.1 nm and with 0.1 nm steps. The arrow indicates the
ionization energy of C2H5SSC2H5.J. Chem. Phys., Vol. 107, N
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The stationary points from the HF calculation were further
optimized and followed by vibrational frequency calcula-
tions at the MP2~full!/6-31G(d) level to obtain improved
structures and more importantly to eliminate fictitious local
minima provided in a low-level HF calculation. The G2 cal-
culation was then applied to calculate the energies (EG2) of
C2H5SO and C2H5SO1 using the MP2 optimized geometry
as the initial structure. In order to compute the vertical IE
~IEvert! the G2 energy level (EG28 ) of C2H5SO1 was also
FIG. 2. Photoionization efficiency spectrum of C2H5SO (m/z577) gener-
ated from the reaction O1C2H5SSC2H5 over the wavelength range 110–150
nm at a nominal resolution 0.4 nm and with 0.4 nm steps.
FIG. 3. Photoionization threshold region of C2H5SO over the wavelength
range 139–145 nm at a nominal resolution 0.2 nm and with 0.1 nm steps.
C2H5SO was generated from the reaction O1C2H5SSC2H5. The arrow indi-
cates the ionization energy of C2H5SO.o. 21, 1 December 1997
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ometries optimized at the MP2~full!/6-31G(d) level of neu-
tral C2H5SO. Possible vibrational excitation of the ion asso-
ciated with vertical excitation was not considered explicitly;
nevertheless, the zero-point energy, which was evaluated
with harmonic frequencies from HF/6-31G(d) scaled by
0.8929, of the ion that has a structure similar to that of the
neutral molecule was used as an approximation.
RESULTS AND DISCUSSION
To test the performance of the experimental apparatus in
this work, the PIE spectrum of DES was studied first. The
spectrum ~not shown here! was obtained on monitoring the
ion counts at m/z590 which are normalized with respect to
relative intensities of VUV radiation at varied wavelengths.
The PIE signal of DES rises abruptly near 148 nm. We de-
termined the threshold of ionization based on the first deriva-
tive of the PIE spectrum, @d(PIE)/dl# , near the onset re-
gion. The first relative maxima in the first derivative curve
FIG. 4. Photoionization threshold region of C2H5SO over the wavelength
range 138–145 nm at a nominal resolution 0.2 nm and with 0.1 nm steps.
C2H5SO was generated from the reaction O1C2H5SC2H5. The arrow indi-
cates the ionization energy of C2H5SO.J. Chem. Phys., Vol. 107, N
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tified to be (8.4060.01) eV, in satisfactory agreement with
a value (8.4160.01) eV measured with photoionization.22
This agreement demonstrates that our DF-PIMS operates
properly and that the wavelength calibration of synchrotron
radiation is reliable.
Similarly, the PIE spectrum of DEDS was recorded. Fig-
ure 1 shows the PIE spectrum of m/z5122 near the thresh-
old region. The monochromator was scanned in 0.1 nm steps
at a resolution 0.1 nm over the spectral range 146–160 nm.
Although the spectrum possesses a weak tail near the onset
region, the threshold wavelength of ionization is determined
to be (>154.160.2) nm, as indicated by the arrow in Fig. 1.
The determination is based on the signals rising above the
background level. The threshold corresponds to IE<(8.05
60.01) eV, smaller than the upper limit of a currently rec-
ommended value, (,8.2760.03) eV.23 Dialkyl disulfides
undergo considerable alteration in dihedral angle CSSC from
about 90° to 180° upon ionization. Such a structural alter-
ation in equilibrium geometries for ionization is expected to
exhibit poor Franck–Condon overlap near the threshold
region;24 hence the true adiabatic IE of DEDS might not
have been observed in previous work. The smaller IE value
of DEDS observed in this work demonstrates that our experi-
mental system performs with sensitive detection.
The PIE spectrum of ions at m/z577 from the
O1DEDS reaction in the spectral range 110–150 nm is
shown in Fig. 2. The monochromator was scanned in steps
0.4 nm with a slit width 0.2 mm corresponding to a resolu-
tion 0.4 nm. A background ion yield spectrum for m/z577
was also recorded under the same flow conditions except that
the microwave discharge to produce O atoms was switched
off. No structure was observed in the background spectrum
for wavelengths greater than 110 nm, only small and regular
noise. Thus the PIE spectrum displayed in Fig. 2 represents
an interference-free spectrum of C2H5SO. The photoion
yield of C2H5SO begins about 142 nm and increases mono-
tonically to about 124 nm, then increases more steeply to a
plateau about 121.6 nm.
In order to improve the measurement of the threshold for
ionization of C2H5SO, we performed detailed examinations
near the onset region. Figure 3 displays the PIE spectrum in
the onset region for C2H5SO from the reaction O1DEDSTABLE I. Energies EG2 and important parameters of optimized structures of C2H5SO and C2H5SO1 predicted at the MP2~full!/6-31G(d) level.
Structure Term
EG2
/hartree
C–C
/Å
C–S
/Å
S–O
/Å
/C–C–S
/degree
/C–S–O
/degree
/C–C–S–Oa
/degree
C2H5SO
1 2A 2551.885 951 1.522 1.811 1.490 110.99 106.59 50.26
2 2A8 2551.885 290 1.522 1.810 1.489 110.86 107.42 180.00
C2H5SO1
3 1A8 2551.563 263 1.520 1.762 1.487 115.51 109.03 0.00
4 1A 2551.561 449 1.559 1.753 1.488 106.34 109.35 97.13
5 3A 2551.517 152 1.466 2.210 1.437 105.43 109.14 48.93
6 3A8 2551.516 883 1.467 2.198 1.439 107.80 109.43 180.00
aDihedral angle.o. 21, 1 December 1997
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recorded at a nominal resolution 0.2 nm and with 0.1 nm
steps. Each datum required in total 120 s ~24 scans of count-
ing period 5 s! of ion count. This spectrum exhibits a small
rising step at the onset. From the increasing photoion yields
relative to the background baseline, the threshold wavelength
of C2H5SO was obtained to be (142.360.3) nm, as indicated
by the arrow in Fig. 3. This threshold corresponds to
IE5~8.7160.02! eV.
In the same way, the ionization energy of C2H5SO was
determined from measurement of the PIE spectrum in the
threshold region from the reaction O1DES. Figure 4 shows
the PIE spectrum of C2H5SO over the wavelength range
138–145 nm from the reaction O1DES. The spectrum also
displays a small step at the onset. The threshold wavelength
was determined to be (142.360.3) nm, the same as that ob-
tained from the reaction O1DEDS.
Because the IE of C2H5SO is determined for the first
time, we also performed theoretical calculations on the IE of
C2H5SO to compare with the experimental value. Firstly, as
a consequence of searching possible geometries of target
species, two stationary points of each of neutral C2H5SO,
singlet C2H5SO1, and triplet C2H5SO1 were found at the
MP2~full!/6-31G(d) level. Table I lists predicted energies
FIG. 5. Geometries of neutral C2H5SO, singlet C2H5SO1 and triplet
C2H5SO1 optimized at MP2~full!/6-31(d) level. Important parameters of
species 1–6 are listed in Table I. Bond lengths are in Å.J. Chem. Phys., Vol. 107, N
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tures; Fig. 5 depicts these possible geometries. The fact that
harmonic frequencies at both HF and MP2 levels of these six
structures are all positive, see Table II, indicates that these
structures are local minima. The structures of two singlet
C2H5SO1 ~3 and 4! differ from the neutral ones ~1 and 2!
mostly by the dihedral angles of C–C–S–O; the latter are
50.3° and 180°, whereas the former are 0° and 97.1°, respec-
tively. The structures of triplet C2H5SO1 ~5 and 6! are quite
different. For example, the C–C and S–O bonds are shorter
by about 0.03 Å and 0.05 Å, but the C–S bond is about 0.4
Å longer than that of the neutral molecules; the dihedral
angle of ionic structure 5 is near that of neutral structure 1,
and the dihedral angle of ionic structure 6 is near that of
neutral structure 2.
Predicted values of EG2 for two neutral C2H5SO, 1 and
2, are near each other. The energy of structure 1 is only
0.000 661 hartree ~0.018 eV! less than that of structure 2.
Considering possible errors in theoretical calculations, it is
not clear which structure is more stable. The energy differ-
ence between structures 1 and 2 is less than thermal energy
at 298 K ~about 0.026 eV!; hence C2H5SO radicals generated
in the flow tube may populate both states. Table III lists
calculated ionization energies IE and vertical IE of C2H5SO.
Ionization of structure 1 or 2 of neutral C2H5SO to form
structure 3 of C2H5SO1 1A8 requires the least ionization en-
ergies, 8.781 eV and 8.763 eV, respectively. Both values
resemble the experimental result (8.7160.02) eV. In our
measurement, the resolution is insufficient to resolve these
two transitions. Predicted energy of ionic structure 4 of
C2H5SO1 1A is only 0.001 814 hartree ~0.049 eV! greater
than that of ionic structure 3. Hence ionization from neutral
TABLE II. Unscaled vibrational frequencies (cm21) of various conformersa
of C2H5SO and C2H5SO1 calculated at the MP2/6-31G(d) level.
Vib. mode
C2H5SO C2H5SO1
1a 2a 3a 4a 5a 6a
1 103 73 94 57 50 37
2 238 222 231 218 160 146
3 269 223 232 237 210 198
4 430 389 502 380 267 263
5 685 724 675 721 322 328
6 796 784 682 822 770 799
7 1017 1024 989 927 812 832
8 1065 1038 997 1010 878 879
9 1102 1108 1106 1093 1111 1103
10 1308 1295 1121 1120 1254 1239
11 1350 1333 1250 1273 1268 1267
12 1376 1378 1336 1291 1411 1418
13 1471 1476 1428 1461 1461 1471
14 1518 1528 1483 1475 1516 1517
15 1558 1561 1544 1538 1557 1558
16 1569 1564 1546 1545 1741 1646
17 3115 3115 3016 3107 2980 3002
18 3121 3125 3059 3125 3174 3170
19 3178 3184 3137 3199 3186 3181
20 3209 3206 3238 3227 3260 3253
21 3232 3211 3238 3241 3285 3286
aThe structures are defined in Table I and depicted in Fig. 5.o. 21, 1 December 1997
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structure 3. Although we can not be sure that which con-
former is formed near the ionization threshold, it is clear that
the observed IE is due to formation of singlet C2H5SO1. We
noticed that the dihedral angles alter much during these tran-
sitions, for example, from 50° to 0° or from 180° to 0°.
However, the predicted IEvert to singlet C2H5SO1 is only 0.1
eV greater than the adiabatic IE; presumably the barrier of
internal rotation is small. For such a transition, the step near
the threshold is expected to be weak, but it should become
intense within a short energy range above the threshold. This
is consistent with our observation as shown in Figs. 3 and 4.
Table III also shows that the predicted IE for ionization
from neutral C2H5SO to both conformers of triplet C2H5SO1
~for example, from structure 1 or 2 to structure 5 or 6! are
about 10.0 eV. Close inspection of the PIE spectrum shown
in Fig. 3 reveals that an abrupt increase of photoion yield
TABLE III. Predicted ionization energies IE and vertical IE of C2H5SO.
C2H5SOa C2H5SO1 IE
/eVStructurea Term Structurea Term
1 2A 3 1A8 8.781
1 2A 4 1A 8.830
1 2A 1 1A 8.889b
1 2A 5 3A 10.036
1 2A 6 3A8 10.043
1 2A 1 3A 10.237b
2 2A8 3 1A8 8.763
2 2A8 4 1A 8.812
2 2A8 2 1A8 8.892b
2 2A8 5 3A 10.018
2 2A8 6 3A8 10.025
2 2A8 2 3A8 10.209b
aThe structures are defined in Table I and depicted in Fig. 5.
bThe vertical IE, IEvert.J. Chem. Phys., Vol. 107, N
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IE for excitation to triplet C2H5SO1. On exciting structure 1
to 5 and structure 2 to 6 in these transitions, the dihedral
angles remain unchanged between the neutral and the ion.
This effect may favor the Franck–Condon factor upon ion-
ization. The predicted IEvert to triplet C2H5SO1 is only 0.2
eV greater than the IE to triplet C2H5SO1. In Fig. 2, the
increasing photoion yield in the range from 124 nm ~10.0
eV! to 121.6 nm ~10.2 eV! is sharp, consistent with theoret-
ical expectation.
The atomic charges of conformers of neutral C2H5SO
and ionic C2H5SO1 were calculated from the Mulliken popu-
lation analysis by the SCF/6-3111G(3d f ,2p) densities; the
results are listed in Table IV. Mulliken population analysis is
not particularly accurate; it only provides rough ideas of how
the charge is distributed. For comparison Table IV also lists
atomic charges of species HSO, HSO1, CH3SO, and
CH3SO1. The atomic charge densities disclose that the sul-
fur atom bears the major part of the positive charge. O atoms
also become more positive so as to share the positive charge.
This is expected for all ionic species in this work because the
antibonding electron in the p* orbital of S–O is ejected. The
positive charge on the S atom decreases as the number of C
atoms in RSO1 increases, consistent with the expectation
that alkyl group is electron donating.
CONCLUSIONS
The PIE spectrum of C2H5SO was measured for the first
time by means of a discharge-flow system coupled with a
photoionization mass spectrometer using a synchrotron as
the VUV radiation source. The threshold for ionization of
C2H5SO was determined to be (8.7160.02) eV, consistent
with theoretically predicted IE to singlet C2H5SO1 using the
G2 method. However, present experiment is unable to distin-
guish the two conformers of both the neutral and the ionicTABLE IV. Atomic charge densities of HSO, CH3SO, and C2H5SO and their ions.
Species Atomic charge densities
H S O
HSO 0.097 0.274 20.371
Singlet-HSO1 0.225 0.879 20.104
Triplet-HSO1 0.255 0.720 0.024
Hb C S O
CH3SO 0.156 20.332 0.288 20.423
Singlet-CH3SO1 0.228 20.319 0.813 20.178
Triplet-CH3SO1 0.231 20.315 0.633 20.012
H1c C1 H2d C2 S O
C2H5SO 1a 0.141 20.171 0.145 20.362 0.238 20.418
C2H5SO 2a 0.144 20.288 0.142 20.224 0.243 20.447
Singlet-C2H5SO1 3a 0.177 20.137 0.214 20.356 0.745 20.212
Singlet-C2H5SO1 4a 0.196 20.219 0.218 20.382 0.767 20.190
Triplet-C2H5SO1 5a 0.194 20.078 0.234 20.371 0.519 20.121
Triplet-C2H5SO1 6a 0.197 20.164 0.235 20.295 0.525 20.128
aThe structures are defined in Table I and depicted in Fig. 5.
bAverage charge of three H atoms.
cAverage charge of three H atoms.
dAverage charge of two H atoms.o. 21, 1 December 1997
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tral C2H5SO to triplet C2H5SO1 may occur at 10.0 eV.
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